The cytosine deaminase APOBEC3G, in the absence of the human immunodeficiency virus type 1 (HIV-1) accessory gene HIV-1 viral infectivity factor (vif), inhibits viral replication by introducing G3A hypermutation in the newly synthesized HIV-1 DNA negative strand. We tested the hypothesis that genetic variants of APOBEC3G may modify HIV-1 transmission and disease progression. Single nucleotide polymorphisms were identified in the promoter region (three), introns (two), and exons (two). Genotypes were determined for 3,073 study participants enrolled in six HIV-AIDS prospective cohorts. One codon-changing variant, H186R in exon 4, was polymorphic in African Americans (AA) (f ‫؍‬ 37%) and rare in European Americans (f < 3%) or Europeans (f ‫؍‬ 5%). For AA, the variant allele 186R was strongly associated with decline in CD4 T cells (CD4 slope on square root scale: ؊1.86, P ‫؍‬ 0.009), The 186R allele was also associated with accelerated progression to AIDS-defining conditions in AA. The in vitro antiviral activity of the 186R enzyme was not inferior to that of the common H186 variant. These studies suggest that there may be a modifying role of variants of APOBEC3G on HIV-1 disease progression that warrants further investigation.
In the adaptive struggle between host and pathogen, mammalian species have evolved an arsenal of strategies for acquired and innate immunity to viral pathogens, which in turn have evolved mechanisms to evade this surveillance. It has long been observed that most T-cell lines support high replication rates of both wild-type (wt) human immunodeficiency virus type 1 (HIV-1) and HIV-1 with deletion of the accessory gene encoding the viral infectivity factor (⌬vif) but that primary T cells, macrophages, and certain nonpermissive T-cell lines do not support replication of ⌬vif HIV-1 (9, 30) . Sheehy et al. identified a cellular factor, CEM15, later shown to be the cytidine deaminase APOBEC3G (27) , a member of a family of RNA editing enzymes that mediates HIV-1 ⌬vif suppression. APOBEC3G has been shown to deaminate cytidine residues in the newly synthesized DNA negative strand, causing G3A hypermutation on the RNA genome of HIV-1 (13, 17, 21, 33) . APOBEC3G deamination of the minus strand of cDNA also makes the newly synthesized DNA vulnerable to degradation by uracil N-glycosylation (23) . It has been demonstrated that Vif potently reduces the amount of APOBEC3G encapsulated in HIV-1 virions by associating with the cellular enzyme and triggering its proteasomal degradation (23, 28, 29) . HIV-1 Vif does not prevent encapsidation of APOBEC3G proteins from mouse, African green monkey, or rhesus monkey cells, suggesting that species specificity of the Vif-APOBEC3G interaction plays a role in restricting HIV-1 infection to humans (22) . Furthermore, APOBEC3G was found to act on other retroviruses in addition to HIV-1, suggesting that targeted DNA deamination is a general innate defense mechanism against retroviruses (13, 21, 22) .
Since APOBEC3G is an important host factor that may confer an intrinsic block to HIV-1 and possibly other human pathogens that have an obligatory reverse transcription step, we screened the APOBEC3G gene for both regulatory and coding region variants that could modify APOBEC3G transcription or amino acid sequence. We analyzed the effects of six single nucleotide polymorphisms (SNPs) and their haplotypes in five United States-based natural history cohorts and the Swiss HIV cohort study for their influence on progression. (14) , and the Multicenter Hemophilia Cohort Study (MHCS) (11) . The date of seroconversion after study enrollment was estimated as the midpoint between the last seronegative and first seropositive HIV-1 antibody test; only individuals with less than 2 years' elapsed time between the two tests were included in the seroconverter progression analysis. The censoring date was the earlier of the date of the last recorded visit or 31 December 1995 for the MACS, MHCS, HGDS, or SFCC cohorts or 31 July 1997 for the ALIVE cohort to avoid potential confounding by highly effective antiretroviral therapy (HAART); because administration of HAART was delayed in the ALIVE cohort (5, 31) , the later censoring date was used. The MACS, MHCS, SFCC, and ALIVE cohorts consisted of both seroconverter (infected after study enrollment) and seroprevalent (infected before study enrollment) individuals: because of the potential for frailty bias among seroprevalents, only seroconverters enrolled in the MACS, MHCS, and SFCC cohorts were used in the survival analysis. Longitudinal CD4 T-cell counts used for the random effects model were available for each semiannual visit for 225 AA seroconverters (from enrollment in 1988-1989 to 2003 or the censoring date) in the ALIVE cohorts and 643 seroprevalents (median follow-up time, 3.1 years) enrolled in the Swiss HIV cohort (www.shcs.ch). High-risk exposed uninfected (HREU) individuals were those with documented high-risk behaviors or documented exposure to contaminated blood products as previously described (2) . DNA samples from 129 healthy blood donor Han Chinese were included in the study for allele frequencies. The Institutional Review Board of participating institutes approved study protocols and consent procedures.
MATERIALS AND METHODS
Identification of DNA polymorphisms. Nucleotide polymorphisms in APOBEC3G were discovered using a DNA panel consisting of 92 EA and 92 AA. A nonisotopic RNA cleavage assay (NIRCA) was performed to detect polymorphisms (12) . Overlapping PCR primers were designed to cover the putative 5Ј regulatory region, eight exons, exon-intron junctions, intron 1, and the 3Ј untranslated region of the APOBEC3G gene according to GenBank sequences AL022318 and AL078641. Gene-specific primers for APOBEC3G were designed to avoid amplification of pseudogenes, other phorbolin-like genes, or APOBEC genes (15) . PCR primers and conditions are available upon request. PCR products that revealed aberrant bands by NIRCA analysis were purified and sequenced.
Genotyping of genetic variants. Genotypes were determined by PCR-restriction fragment length polymorphism or TaqMan assays. PCR primer sequences, TaqMan probes and primers, PCR conditions, and restriction enzymes used in genotyping assays for each SNP are listed in Table S1 in the supplemental material. PCR was carried out with 35 cycles of denaturing at 94°C for 30 s, annealing at 54 to 60°C for 30 s, and extension at 72°C for 45 s. TaqMan assays were performed according to the manufacturer's manual (Perkin-Elmer). Primers are available on Table S1 in the supplemental material.
In vitro analysis. CD4 T cells from 128 healthy Caucasian blood donors were isolated by anti-CD4 magnetic beads (Miltenyi Biotech, Bergisch Glabach, Germany), cultured, and infected (10 6 cells) with 1,000 pg of p24 antigen of R5 clone HIV NL4-3BaLenv. In addition, peripheral blood lymphocytes from 22 AA donors were similarly infected. Samples from four donors were also infected with the Vif-defective HIV-1 strain R9⌬vif (32). After 7 days, p24 antigen production was monitored by enzyme-linked immunosorbent assay (Abbott Laboratories). Viral RNA was extracted from cells and supernatant and subjected to sequence analysis to identify potential changes in the frequency of deamination.
Analysis of antiviral activity of APOBEC3G variants. The Vif-defective HIV-1 proviral clone R9⌬vif was previously described (32) . The plasmid expressing a hemagglutinin-tagged form of APOBEC3G (27) was a kind gift from M. Malim (University College, London, United Kingdom). The APOBEC3G 186R mutant was constructed with the QuickChange Mutagenesis kit (Stratagene) and sequenced. HIV-1 was produced by transient transfection of 293T cells with Fugene (Roche) in six-well plates. For this, 0.7 g of R9⌬vif was used with either an empty vector or different doses of the APOBEC3G-expressing vector. Thirtysix hours after transfection, supernatant was collected and filtered. Virus titer was scored by infecting HeLa-CD4-LacZ reporter cells. Virion infectivity was normalized for particle amount, as measured by reverse transcriptase (RT) activity assay.
Statistical analysis. The genetic effects of SNPs on HIV-1 infection susceptibility were assessed by comparing genotypic frequencies between HIV-1 HREU individuals and HIV-1 seroconverters with use of Fisher's exact test. Kaplan-Meier survival statistics and the Cox proportional hazards model were used to assess the effects of SNPs and haplotypes on the rate of progression to AIDS.
Four end points were evaluated: time to less than 200 CD4 ϩ cells/mm 3 (CD4 Ͻ 200); AIDS-1987 and the expanded AIDS-1993 Centers for Disease Control and Prevention case definitions (6, 7) , and AIDS-related death. The significance of genotypic associations and relative hazards (RH) for dominant and recessive genetic models were determined with unadjusted and adjusted Cox model analysis. All P values are two-tailed. Genetic factors previously shown to affect progression to AIDS in EA and AA groups were included as confounding covariates in the adjusted Cox model analysis: CCR5 ⌬32, CCR2-64I, CCR5-P1, HLA-B*27, HLA-B*57, HLA-B*35Px, and HLA class I homozygosity for EA (8, 10, 16, 24) ; CCR5-P1, RANTES-In1.1C, HLA-B*57, and HLA class I homozygosity for AA (1, 8, 16, 24) . CCR2-64I, HLA-B*27, and HLA-B*35Px were not considered as covariates in AA due to absent or weak effects in our AA participants, and CCR5 ⌬32 was not considered due to its rarity in AA. Participants were stratified by sex and by age at seroconversion: 0 to 20, Ͼ20 to 40, and over 40 years (25) .
A random effects linear model of CD4 T-cell trajectories from HIV-1 seroconverters in the ALIVE study and HIV-1 seroprevalents in the Swiss cohort study was used to provide estimates of mean CD4 T-cell measurements over time while accounting for the correlation of repeated measurements within each individual. The CD4 slope of each patient was modeled using a repeat measures random effects model in STATA (Stata v8.0; College Station, Tex.) for the ALIVE cohort or the Mlwin software for the Swiss cohort. The square root CD4 gradient was modeled as a linear function of estimated time since midpoint (ALIVE) or imputed (Swiss) seroconversion dates. Additional covariates included sex, age, and time since seroconversion for the ALIVE cohort and sex, age (dichotomized at 40 years), intravenous drug use, race, and CCR5 ⌬32 (3) for the Swiss cohort. Differences in CD4 gradient were compared to the group with the most common genetic variant by use of a Wald test of the null hypothesis that the difference is zero and the likelihood ratio test for models with and without genetic variables. The change in mean square root CD4 T cells over time was compared for APOBEC3G 186R/R (recessive genetic model) and R/H plus R/R (dominant model). Additionally, to account for the potential confounding effects of HAART in the ALIVE cohort, we fit the random effects model (i) by censoring at 31 July 1997, before HAART was available to this population, and (ii) by restricting the analysis to follow-up after 31 July 1997 and stratifying the model to individuals who reported use or no use of HAART (31) . These analyses were done only for the ALIVE cohort because no significant effects of the H186R polymorphism were observed in the predominantly European Swiss cohort. Only these two cohorts had the complete CD4 T-cell follow-up data available to our group for this analysis.
We quantified linkage disequilibrium (LD) between all pairs of biallelic loci by use of the absolute value of Lewontin's DЈ (18) . Absolute values of DЈ range from 0 for independence to 1 for complete LD between the pairs. P values represent the null hypothesis of independence. Haplotypes were inferred by the expectation maximization algorithm (19) .
RESULTS
Identification of APOBEC3G variants. The genomic structure of APOBEC3G was predicted from a comparison of human DNA clone CTA-150C2 (GenBank sequence AL022318) and clone RP3-494G10 (AL078641) with its mRNA sequence (NM_021822). The human APOBEC3G gene spans ϳ9 kb on 22q13.1-13.2 and has eight exons and seven introns. NIRCA and DNA resequencing were employed to detect SNPs (15) . Seven SNPs were identified ( Fig. 1a) : three in the putative 5Ј regulatory region, F119F in exon 3, H186R in exon 4, and two within introns. The genotype of each SNP was determined for 2,430 study participants enrolled in the United States-based HIV-AIDS prospective cohorts, 643 participants in the Swiss HIV cohort, and 129 healthy blood donor Han Chinese. The allele frequencies are listed in Fig. 1b . The single codon-changing variant, H186R, was rare in EA and European Caucasians (f ϭ 0.03 and 0.05) but frequent in AA (f ϭ 0.37).
LD and haplotypes of APOBEC3G variants. Pairwise tests of LD were performed among all APOBEC3G SNPs except for the rare Ϫ199G/A SNP. Strong LD was observed between all APOBEC3G SNPs (1.0 Յ DЈ Ͼ 0.923, P Ͻ 1.1 ϫ 10 Ϫ3 in EA and 1.0 Յ DЈ Ͼ 0.880, P Ͻ 1.1 ϫ 10 Ϫ5 in AA, respectively) ( Fig. 1c ). There were 13 and 14 haplotypes in AA and EA, respectively. The six most frequent haplotypes were shared in both races and accounted for more than 98% of AA or EA chromosomes (Fig. 1b) .
Effect of APOBEC3G SNPs and haplotypes on susceptibility to HIV-1 infection. We compared APOBEC3G allele, genotype, and haplotype frequencies for HREU individuals or HIV-1 seronegatives to HIV-1-infected seroconverters for dominant and recessive genetic models. No associations were observed for any SNP or haplotype (see Table S2 in the supplemental material), suggesting that APOBEC3G variants have no obvious effect on HIV-1 transmission.
Effect of APOBEC3G SNPs and haplotypes on AIDS progression. The influences of APOBEC3G SNP alleles and haplotypes on AIDS progression were evaluated for dominant and recessive genetic models among EA (n ϭ 673) and AA (n ϭ 292) HIV-1 seroconverters by use of the Cox proportional hazards model. Survival analyses with and without adjustments for the influence of AIDS-restriction gene covariates are listed in Table 1 and shown in Fig. 2 . In the unadjusted analysis, the 186R/R genotype tended to be associated with disease progression to AIDS-1993, AIDS-1987, and death (RH ϭ 1.43 to 1.82, P ϭ 0.059 to 0.16). After adjusting for the potentially confounding effects of other genetic factors, the 186R/R genotype was associated with accelerated rate of progression to AIDS-1993, AIDS-1987, and death (RH ϭ 1.94, 2.94, and 3.38, respectively; P ϭ 0.024, 0.005, and 0.008, respectively). To understand why the 186R/R association was masked in the unadjusted analysis, each of the genetic covariates was sequentially used in the adjusted Cox model. The covariate RANTES- In1.1C alone revealed nearly the full strength of the association (data not shown); however, no interaction was observed between APOBEC3G 186R and RANTES-In1.1C (P ϭ 0.35), consistent with the current understanding of the functional pathways of the two genes.
A weak but statistically significant protective tendency was observed for the intron 4 APOBEC3G-199376C allele for AIDS-1993, AIDS-1987, and death in the recessive model for EA, both without and with adjustment (RH ϭ 1.36 to 1.58, P ϭ 0.01 to 0.003) for potential confounding genetic factors (Table 1) . Results for SNPs with no significant associations are listed in Table S3 in the supplemental material. APOBEC3G-197193C, located in intron 2, is in complete and nearly absolute LD with 186R, thus showing very similar associations ( Table S3 in the supplemental material).
Since the alleles within the APOBEC3G gene are in complete or near-complete LD, we considered the combination of alleles that are inherited together on a single chromosomal segment (haplotype) since these more closely represent the natural condition. Since the 186R allele is found only on haplotype 1 (Hap 1) , the associations observed for Hap 1 were quite similar to that of the 186R allele (Tables 1 and 2; Fig. 2) . The slight differences observed in RH and P values are due to individuals missing one or more genotypes. Modest accelerating effects to AIDS-1987 and death were observed for Hap 4 in EA. Conversely, Hap 3, which contains neither 186R nor 199376C, was slightly protective in both AA and EA for the early outcomes, CD4 Ͻ 200 or AIDS-1993 (P ϭ 0.01 to 0.10) ( Table 2) .
Effect of H186R on overall CD4 T-cell slope gradients. We evaluated the effect of APOBEC3G-H186R on CD4 slope using the random effects model for the ALIVE and Swiss cohorts ( Table 3 ). Among 225 AA seroconverters enrolled in the ALIVE study, individuals carrying at least one copy of APOBEC3G-186R had a Ϫ1.86 (95% confidence interval [CI], Ϫ3.25, Ϫ0.45; P ϭ 0.009) lower mean CD4 T-cell trajectory than did the reference 186H/H group. Analysis restricted to 217 individuals who were censored at 31 July 1997 had a similar decrease in mean CD4 T-cell trajectory (Ϫ1.51; 95% CI, Ϫ2.96, Ϫ0.65; P ϭ 0.041) which persisted after increased availability of HAART (Ϫ2.25 lower; 95% CI, Ϫ4.13, Ϫ0.37; P ϭ 0.019). For the dominant genetic model in the Swiss seroprevalent cohort, 186R (H/R, n ϭ 57; R/R, n ϭ 5) was found to be marginally associated with protection with a gradient difference of ϩ0.29 (95% CI, Ϫ0.04, 0.62; P ϭ 0.08) relative to the reference 186H/H genotype (n ϭ 581). The low number of homozygotes precluded an analysis of the recessive model. a The rate of progression to four AIDS end points in patients carrying one or two copies of the haplotype was compared with that in patients without that haplotype. CI, RH, and significance were calculated with the use of the Cox model. Both Dom (dominant) and Rec (recessive) genetic models were tested, but results for the recessive model were not shown if they were not significant. The analyses were adjusted unless indicated as unadjusted.
b Adjusted for HLA Zyg_N, B57, CCR5-P1, and RANTES-In1.1. c Adjusted for CCR5-P1, CCR5 ⌬32, and four HLA alleles (Zyg_N, B27, B35Px, and B57).
Estimates were not modified significantly after adjusting for the potentially confounding effects of other genetic factors.
In vitro antiviral activity of 186R enzyme. We tested whether mutating histidine to arginine at position 186 could influence the inhibitory potential of APOBEC3G. A single-round assay was used to measure the infectivity of wt and ⌬vif particles produced by transient transfection of 293T cells, in the presence of different doses of the wt or mutated cellular factor (Fig. 3 ). We found that the 186R mutant was fully able to inhibit viral infectivity.
The in vitro assessment of the role of H186R variants in influencing viral infectivity or deamination was completed by using peripheral mononuclear cells collected from healthy blood donors representing the various genotypes. Cells were infected with the R5-tropic clone HIV NL4-3BaLenv and by the Vifdeficient R9⌬vif. There were no measurable differences in cell permissiveness to HIV infection in the in vitro system for the various H186R genotypes: mean and standard deviation of log p24 picograms per milliliter after 7 days of culture were 4.96 Ϯ 4.79 for cells from 112 Caucasian donors representing the common H186 genotype versus 4.98 Ϯ 4.78 for cells from 13 Caucasian donors carrying the 186R variant, P ϭ 0.7. Similarly, there were no measurable differences in cell permissiveness to HIV infection in cells from AA donors: mean and standard deviation of log p24 picograms per milliliter after 7 days of culture were 4.64 Ϯ 0.83 for cells from 11 AA donors representing the common H186 genotype versus 4.93 Ϯ 0.27 for cells from 11 AA donors homozygous for the 186R variant, P ϭ 0.49. This higher viral level with 186R, though not significant, warrants further elucidation in a large number of samples. The Vif-deficient R9⌬vif strain was confirmed noninfectious for the various donor cells. No specific pattern of deamination of cytidine residues reflecting changes associated with the enzyme alleles was observed in the viral progeny emerging after 7 days of replication in the various cell populations (data not shown).
DISCUSSION
We have investigated the role of APOBEC3G SNPs and haplotypes on HIV-1 infection and progression in six longitudinal HIV-1 cohorts. With use of survival analysis, the 186R/R genotype was shown to be significantly associated with rapid progression to AIDS and death in AA. With use of the random effects model, 186R carriers had a more rapid decline of CD4 T-cell slope than did individuals homozygous for H186. The discrepancies between results from the two analyses may reflect the fact that the random effects model has increased resolution with many more observation outcomes. Although the effects of 186R do not reach significance in the Cox model analysis with use of a CD4 cell count of Ͻ200 as an outcome in AA, the tendency towards more rapid CD4 loss in 186R carriers is consistent with the CD4 trajectory in this group. In contrast, the effects of 186R on CD4 slope in the Swiss Caucasian seroprevalent cohort tended to be slightly protective, possibly because of the modifying influence of asyet-undetected polymorphisms, differences in cohort design, or the low allele frequency of 186R in this group. The intronic 199376C allele carried on Hap 4 and Hap 6 was associated with a modest accelerating effect to AIDS and death. Hap 4 was associated with rapid progression in only EA, and Hap 6 showed a similar tendency only in AA. These results suggest that 199376G/C is not itself causal but may be tracking by LD an allele as yet undetected.
It has been demonstrated that a moderate amount of human APOBEC3G causes a threefold decrease in infectivity of the wt HIV-1, suggesting that alterations that affect APOBEC3G activity or expression level may influence HIV-1 replication (22) . H186R is located in the leucine-rich region possibly involved in protein-protein interaction, either with complementation factors and/or in homodimer formation (15) . Disruption of this region could modify editing functions as a result of altered assembly of the enzyme (20) . However, there is no functional evidence for a defect in the antiviral activity of APOBEC3G-186R in our preliminary in vitro experiments. It would be interesting to determine if 186R increases G-to-A mutation and breadth of the quasispecies variation, as this would promote the emergence of immune escape mutants.
APOBEC3G haplotypes are distributed differently among individuals of Asian, European, and African ancestry. This observation indicates that APOBEC3G haplotypes were possibly shaped through different evolutionary or historical events in geographic populations. The different genetic backgrounds in allele frequencies, LD, and haplotype architecture observed among world populations may account for, at least in part, population-specific genetic effects on HIV-1 disease.
